Certain strains of Streptococcus sanguis adhere (Adh+) selectively to human platelets and, in plasma, induce them to aggregate (Agg+) into in vitro thrombi. In this study, we examined 18 recent endocarditis and dental plaque isolates of microorganisms that were biotyped as S. sanguis for coexpression of platelet interactivity phenotypes with another possible virulence factor in bacterial endocarditis, dextran synthesis. Detectable production of extracellular glucosyltransferase ranged from 0.2 to 66 mU/mg of culture fluid for 10 representative strains tested. Production of extracellular or cell-associated glucosyltransferase, fructosyltransferase, and soluble or insoluble dextrans was not necessarily coexpressed with platelet interactivity phenotypes, since the levels of production of soluble and insoluble dextrans varied among representative Adh+ Agg+ and Adh-Agg-strains. Analysis of a second panel of 38 fresh dental plaque isolates showed that S. sanguis distributes in a reproducible manner into the possible phenotype groups. Strains with different platelet interactivity phenotypes were distinguished with a panel of four murine monoclonal antibodies (MAbs) raised against Adh+ Agg+ strain 133-79 and screened to rule out artifactual reactions with antigenic components in culture media. The MAbs reacted selectively with Adh+ Agg+ strains in a direct-binding, whole-cell, enzyme-linked immunosorbent assay and also inhibited their interactions with platelets. Analysis of minimal tryptic digests of many strains, including variants that failed to bind the MAbs, suggested that some noninteractivity phenotypes possess cryptic surface determinants. Since the ability to adhere to platelets and induce them to aggregate is relatively stable, these traits may be useful in a phenotyping scheme for these Lancefield nontypeable streptococci.
The virulence of viridans streptococci in the pathogenesis of bacterial (or infective) endocarditis (BE) remains an enigma. These bacteria, typically Streptococcus sanguis and S. mutans, arise in the oral cavity and are believed to enter the bloodstream as a result of trauma as bland as the manipulations of oral hygiene (19, 22) . These bacteremias may infect sites of underlying pathologic changes of heart valves (1, 4, 11, 26, 35) , such as nonbacterial thrombotic vegetations (NBTV) (10, 20, 27, 28) . Adhesion to NBTV may be insufficient to explain the virulence of certain viridans streptococci in BE. In the rabbit model of BE, NBTVs are formed in response to an indwelling catheter before induction of experimental bacteremia (11, 27) . On the damaged heart valves, adherent bacteria soon become embedded and protected in newly formed thrombi or platelet vegetations. Consequently, streptococci capable of initial adhesion and rapid induction of thrombosis are likely to be more virulent in clinical disease. As many as half of all cases of BE have been attributed to viridans streptococci, with S. sanguis identified as the vector three to four times more frequently than S. mutans (25, 34) . This association may reflect the large proportion of these microorganisms in the oral flora and the frequency of these bacteremias in comparison with those that arise from other organs and tissues. The specificity of infection may also reflect special virulence traits of these bacteria.
Synthesis of dextrans by streptococci has been suggested to be associated with virulence in BE. Dextrans may in-coexpressed with platelet interactivity phenotypes. Strains that carried surface determinants associated with these phenotypes could be distinguished with monoclonal antibodies (MAbs). Analysis of minimal tryptic digests of variant strains suggested that some noninteractivity phenotypes, however, possess cryptic surface determinants. Since the ability to adhere to platelets and induce them to aggregate is relatively stable, these traits may be useful in a phenotyping scheme for these Lancefield nontypeable streptococci.
MATERIALS AND METHODS
Bacterial strains. All strains were purified from mitis salivarius and blood agar plates maintained for up to 72 h at 37°C in 5% Co2. Strains were stored at -70°C in skim milk and classified before study as S. sanguis by the biotyping scheme of Facklam (9) . S. sanguis 133-79 and 10556 have been described previously (8, 14, 16, 31 (8, 14, 15) , and the resulting surface protein digests were compared by silver-stained (21) gradient (5 to 10%) sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) (18) .
Analysis of GTF activity. Strains were grown in tryptoneyeast medium (TYF) containing 2.5% tryptone, 1.5% yeast extract, 0.5% K2HPO4, 0.1% MgSO4, and 1.0% fructose (sucrose free) which was ultrafiltered through a membrane with a molecular size cutoff of 5.0 kilodaltons (Amicon Corp., Lexington, Mass.). To concentrate secreted bacterial products, bacteria were cultured after inoculation from a starter culture in dialysis tubing (cutoff, 12.0 to 14.0 kilodaltons) containing 50 ml of TYF medium which was immersed in 500 ml of the same medium. Cultures were incubated with gentle shaking in a water bath at 37°C. Following overnight growth, bacteria were removed by centrifugation and the culture supernatants were made 0.02% in NaN3 and 1.0 mM in phenylmethylsulfonyl fluoride to inhibit proteolysis. These culture supernatants, or culture supernatants concentrated eightfold and dialyzed against imidazole buffer (0.02 M, 0.05 M NaCl, pH 6.5) by ultrafiltration (cutoff, 10 .0 kilodaltons) (Centricon 10; Amicon Corp.), were used for the GTF enzyme studies and gel electrophoresis analyses described below.
To determine the GTF levels secreted by S. sanguis strains, cells were inoculated into 15 ml of TYF, grown overnight at 37°C in 10% C02, and harvested by centrifugation. Cells were then washed twice in sterile TYF containing 40 ,ug of chloramphenicol per ml, 20 mM NaF, and 10 mM r-aminocaproic acid. After sonication (4 x 30 s at 400 W), the cells were suspended in PBS containing chloramphenicol, NaF, and r-aminocaproic acid to an OD540 of 1.5 (approximately 2 x 109 cells per ml).
GTF and fructosyltransferase (FTF) assays were similar to those described by Robrish et al. (27) and Germaine et al. (12) . For GTF activity, culture supernatants (300 RI) were incubated with a reaction mixture (300 il) containing 200 mM glucosyl[U-14C]sucrose, 40.0 ,uM dextran (9.0 kilodaltons), and 0.02% NaN3 in 20.0 mM imidazole hydrochloride (pH 6.5). After incubation at 37°C for 4 to 6 h, the reactions were stopped by addition of 900 ,u1 of ice-cold methanol. To assay cell-associated GTF, 250 .I1 of each cell suspension was incubated for 8 h with an equal volume of radioactive substrate. Radioactive glucans were precipitated with methanol over glass fiber filters in a vacuum manifold. Following two washes with 5.0 ml of methanol, radioactive polymers on the filters were quantitated in a scintillation counter. Activity was expressed in milliunits, a milliunit being equal to the amount of enzyme activity required to incorporate 1.0 nmol of radioactive glucose into methanol-insoluble polymer in 1.0 min at 37°C. For FTF activity, the reaction mixture contained 200 mM 1-fructosyl[3H]sucrose and 0.02% NaN3 in the same imidazole buffer. A milliunit of FTF activity represented the amount of enzyme activity required to incorporate 1.0 nmol of radioactive fructose into methanolinsoluble polymer in 1.0 min at 37°C. For both enzymes, specific activity of culture supernatants was expressed as milliunits per milligram of culture supematant protein as determined by the dye-binding assay of Bradford (2) .
To estimate the amount of water-insoluble and watersoluble radioactive glucans made by the S. sanguis culture supernatants, GTF assays were conducted as described above, except that reactions were stopped by placement in an ice bath. Samples were then centrifuged at 20,000 x g for 30 min, and supernatants were assayed for methanol-insoluble radioactive glucans. These samples were compared with duplicate samples which were not centrifuged before addition of methanol. The percentage of water-insoluble radioactive glucans was then determined by using the formula 100 -[(cpm for centrifuged samples x 100)/cpm for noncentrifuged samples] = percent water-insoluble glucans.
For electrophoretic display of extracellular GTF and FTF, supernatants were diafiltered with a buffer containing 0.02 M imidazole and 0.05 M NaCl and concentrated eightfold with ultrafiltration spin tubes (Centricon 10; Amicon). After being mixed 1:1 with 2x SDS-PAGE treatment buffer (nonreducing), samples were incubated for 1.5 h at 37°C to allow for denaturation by SDS. Samples (75 ,ul) were loaded onto duplicate discontinuous SDS-PAGE gels (4% stacking, 7.5% separating) as described by Laemmli (18) . Following electrophoresis, gels were either stained for protein with silver nitrate as described by Morrissey (21) or assayed for GTF and FTF activities by being washed with 50.0 mM acetate buffer (pH 5.5) and incubated with 200 mM sucrose-20 ,uM dextran (9.0 kDa)-1.0% Triton X-100-NaN3 in acetate buffer for 24 h at 37°C. Gels incubated for enzyme activity were then stained for carbohydrate with the periodic acid-Schiff reagent (22) . Protein standards for electrophoresis (prestained and normal high molecular weight) were obtained from Bio-Rad Laboratories, Richmond, Calif.
Platelets and platelet interactions. For use in the bacterial adhesion assay, human platelet ghosts were prepared as previously described (8, (14) (15) (16) . Briefly, outdated platelets were washed in 0.02 M Tris hydrochloride (pH 7.25)-1%
EDTA and suspended to an OD620 of -1.0 in PBS. For platelet aggregation experiments, fresh platelets were obtained as platelet-rich plasma anticoagulated with acid citrate glucose from healthy, medication-free volunteers by venipuncture by procedures approved by the Committee for the Use of Human Subjects in Research at the University of Minnesota.
Platelet-bacterial adhesion was determined by mixing 105 [lI each of equal concentrations (-4 x 109/ml; determined spectrophotometrically at a A of 700 nm) of outdated washed platelets and washed bacteria in V-well microtiter plates and incubating them at 4°C for 30 min as described earlier (14) . The plates were then centrifuged at 55 x g for 5 min at 4°C. Supernatant (100 ILI) was diluted 1:2 into flat-well plates, and the OD700 was determined in an enzyme-linked immunosorbent assay (ELISA) reader. Percent adhesion is calculated as previously described, with the following equation: % adhesion = 100 x {1 -[ODtest/(ODbacteria + ODplatelets/2)]}.
For platelet aggregation studies, equal numbers of washed bacteria were added to platelets in platelet-rich plasma at 37°C in a stirred cuvette in a recording aggregometer. Light transmission was recorded for 25 min or until platelet aggregation was completed. Strains were considered to be aggregation negative if aggregation did not occur within 20 to 25 min (31) . The lag time to onset of aggregation was computed as the elapsed time from addition of bacteria to the upward deflection of the tracing that indicated increasing light transmission and platelet aggregation.
Tryptic digests of S. sanguis strains. Minimal tryptic digests of harvested and washed cells of S. sanguis were prepared essentially as described previously (8, 15, 16 To confirm that opaque and glossy colonies were associated with synthesis of extracellular polysaccharides, extracellular GTF (Table 1 ) and fructosyltransferase FTF activities and percentages of water-insoluble glucans from representative strains were measured. Four of the five opaque strains analyzed showed relatively high GTF activities, while low activity was noted in each of the five glossy strains tested. All strains showed small amounts of FTF activity, with values ranging from 0.17 to 1.35 mU/mg. Strain 133-79 produced 75.4% insoluble glucans. The proportion of insoluble glucans produced by strains L31 (35.4%), S1219 (7.7%), and L4124 (7.0%) distinguished these from all other strains, which failed to produce detectable amounts. Note that Adh+ Agg+ strain L14 produced little extracellular polysaccharide.
To better establish the identity of the sucrose-metabolizing enzymes in the representative strains, culture fluids were concentrated and analyzed by silver-stained (Fig. 1A) and glucan synthesis activity (Fig. 1B) (Table 2) to that of the strains reported in Table 1 . Of the nine possible phenotypes, Adh+ Agg-was the only one in which none of the 56 total strains could be assigned. Generally, the mean percent adhesion and mean 11 12 13 lag time of the isolates in this panel approximated the middle of the range of the phenotyping criteria ( (Table 3) . Immobilized cells were grown in chemically defined synthetic medium to rule out anomalous crossreactions with epitopes on acquired antigens from the THB growth medium of the cells used for immunization. Clones 4C3, 4B3, and 1C5 were selected because they reacted well with the homologous Adh+ Agg+ strain and streptomycinresistant Adh+ Agg+ variant S1219 but modestly with the Adh-Agg+ E1219 and Adh+ Agg+ NR133 variants of strain 133. Apparently recognizing a common epitope across strains, clone lDl reacted consistently at levels well in excess of the binding of nonspecific normal mouse IgG.
MAbs which marked platelet interactivity phenotypes also may react with S. sanguis determinants associated with platelet interactions. S. sanguis 133-79 and its three variants 1 l 12 13 were preincubated with each of the MAbs in the panel and of S. sanguis strains then tested for adhesion to platelets and induction of aggreidic acid-Schiff (B) to gation ( 3.0 (0-7.5 ± 0.7) >20 a The mean percent adhesion and lag time to the onset of platelet aggregation of all isolates in this panel of 38 strains are shown for each phenotype. Each isolate was tested three times, and the range shows the mean ± the standard deviation of the extremes within each phenotypic category. The criteria for each phenotype are described in Table 1 , footnote b.
b The percentage of the total number of strains described in Table 1 (9) for several traits that may be associated with their virulence in the etiology of BE. Accurate phenotyping and genotyping (13) schemes for these and other alpha-hemolytic (viridans) streptococci have been under development for many years. We sought to learn whether a typing scheme based on the highly reproducible abilities of dental plaque and BE isolates to adhere to (14) and induce platelets in plasma to aggregate (14, 31) preferentially, while 4C3 may indicate Adh+. These data could not be explained on the basis of nonspecific interactions between MAbs and S. sanguis or platelets, since MAb lDl and mouse IgG were largely without effect. While the distinguishing epitopes have not been identified, these data do support the potential of a MAb-based scheme to classify Adh Agg phenotypes. Additional strains and new clones will be screened for this purpose.
An Adh Agg phenotyping scheme will not, however, lead directly to a genotyping strategy, since platelet-interactive determinants may actually be cryptic, even on Adh-Aggstrains. Minimal tryptic digests from cells of strains in each Previous reports (14, 31) have shown that a typical BE isolate of S. sanguis would be platelet interactive. It is now clear that most, but not all, dental plaque strains express similar phenotypes. Each of these sources yields strains that may be able to synthesize dextran and other extracellular polysaccharides. If dextran production contributes to virulence, it is likely to be that carried as a cell-associated polysaccharide from dental plaque. A sucrose substrate, although available in foodstuffs that enter the oral cavity, lacks plasma. Hence, the synthesis of new extracellular dextran by virulent microorganisms at the site of the vegetation is unlikely to occur. In addition, the level of surfaceassociated GTF activity expressed in the absence of sucrose was low for all strains in comparison with the extracellular enzyme. Since interactions with platelets in vitro were independent of growth in sucrose or added dextrans (14, 16) , virulence in bacterial endocarditis may be more strongly associated with Adh Agg phenotypes. Indeed, an Adh+ Agg+ strain derived from the oral cavity could participate in the latter three of the four stages implicated by Freedman (10) in the initiation of bacterial endocarditis. After damage to the endothelium and deposition of an NBTV, the Adh+ Agg+ strain could enter the circulation from an oral site, adhere to platelets in the NBTV, induce deposition of additional platelets and fibrin, and subsequently colonize the platelet-fibrin vegetation. Hence, the virulence of S. sanguis in BE may be associated most strongly with the frequently recovered Adh+ Agg+ phenotype.
